Temperature dependence of electronic-excitation-induced structural changes in nanoparticles has been studied by in situ transmission electron microscopy. When GaSb nanoparticles kept at 340 K were excited by 25 keV electrons, the compound transforms to the porous compound or the two-phase structure consisting of an antimony core and a gallium shell with increasing the total electron dose. On the other hand, in GaSb nanoparticles kept at 293 K the structure remains the original compound phase. It is suggested that such temperature dependence of the structural changes may arise from synergetic behaviors of point defects introduced athermally by the excitation and thermal mobility.
Introduction
Structural stability in materials under electronic excitation is different from that at the ground state. It is expected that electronic excitation effects on the structural stability will be enhanced in nanoparticles which have high surfaceto-volume ratio and high-atomic mobility. Recently, it was found that when GaSb particles were excited by lowenergy electrons, the compound transforms to a two-phase consisting of an antimony core and a gallium shell with a nanometer-sized void [1] [2] [3] [4] . In the present paper, we studied the temperature dependence of such structural changes induced by low-energy electronic excitation in GaSb particles by in situ transmission electron microscopy.
Experimental Procedures
Preparation of size-controlled GaSb particles was carried out with the use of a double-source evaporator installed in the specimen chamber of an electron microscope. An amorphous carbon film was used as a supporting film and was mounted on a molybdenum grid. Using the evaporator, gallium was first evaporated from one filament to produce gallium particles on the supporting film, and then antimony was evaporated from the other filament onto the same film. The supporting film was kept at ambient temperature during the deposition. Vapour-deposited antimony atoms quickly dissolved into gallium particles to form GaSb (Ga50at%Sb) compound particles [5] [6] [7] . The particles were then annealed in the microscope at 573 K for 3.6 ks and were slowly cooled to room temperature in 2.7 ks, in an attempt to homogenize the solute concentration in the particles. Electronic excitation experiments and observations were carried out using the same microscope Hitachi H-7000 TEM operating at an accelerating voltage of 25 kV. The electron flux used for excitations was 1.0×10 20 e m −2 s −1 . The temperature of particles on the supporting films was kept at 293 and 430 K during the experiments. Structural changes associated with electronic excitations were observed in situ by bright-field images (BFIs) and selected-area electron diffraction patterns (SAEDs).
Results and Discussion
An example of structural changes in GaSb particles by 25 keV electronic excitation at 430 K is shown in Figure 1 . and the corresponding SAED, respectively. As indexed in Figure 1 (a ), the Debye-Scherrer rings can be consistently indexed as those of GaSb which has the zincblende structure. The same area after excitation for 60 s is shown in Figure 1 (b). In the interior of the particles after the excitation, there appear voids with bright contrast. As seen from a comparison of the magnified images I a and II a in Figure 1 (a) with I b and II b in Figure 1 (b), the diameter of nanoparticles after the excitation increased up to 15% compared with those before excitation. In the SAED taken after the excitation as shown in Figure 1 (b ), Debye-Scherrer rings of the zincblende structure are recognized again. Changes in the lattice constant in GaSb particles are shown as a function of total electron dose in Figure 2 . After excitation of the dose of 6.0 × 10 21 e m −2 , the lattice constant increased up to 1.8% compared with that before excitation. The lattice constant of GaSb particles under the same excitation condition increased up to about 2.6% with increasing dose. From the above results, it is suggested that the swelling by void formation in the interior of the individual nanoparticles and the increase of the lattice constant of GaSb are caused by vacancies and interstitials introduced by electronic excitation, respectively.
The same area after excitation for 480 s is shown in Figure 1 which is corresponding to the first halo of liquid gallium. This result indicates that a two-phase mixture consisting of a crystalline antimony core and a liquid gallium shell was formed in the particles. From these results, it has been evident that when GaSb particles kept at 430 K were excited by 25 keV electrons, two-phase separation takes place via void formation.
In order to see the temperature dependence of the structural changes, experiments in the particles kept at 293 K were carried out. An example of the behaviors of particles by the same electronic excitation condition as that in Figure 1 is shown in Figure 3 . As seen from the comparisons of 3(a) with 3(b) and 3(a ) with 3(b ), the particle remains unchanged in both the microstructure and SAED after excitation for 60 s. It has been noted here that such a void formation as observed after excitation at 340 K is absent in the particles kept at 293 K. After excitation for 480 s as shown in Figures 3(c) and 3(c ), no changes are recognized in the microstructure of the particles and Debye-Scherrer rings in the SAED.
As shown in Figure 2 , the lattice constant in GaSb particles kept at 293 K is not changed also with increasing dose. From the result, it was evident that when approximately 20 nm-sized GaSb particles kept at 293 K are excited by 25 keV electrons, no structural changes are recognized.
A mechanism of the void formation and phase separation in GaSb nanoparticles will be discussed as follows. In the present case, the final two-hole states in the gallium valence band are formed by the predominant primary K-shell Auger transitions after the excitation. The bonding states under the presence of the two-hole states in gallium atoms become an antibonding. In this first athermal process the bond breaking takes place, and the excess energy accumulated by the relaxation converts directly into the atomic kinetic energy. When the sum of the kinetic energy and thermal energy is larger than the energy barrier for the atomic displacements, the thermally displaced gallium atom can form a vacancy and interstitial in the crystal. In nanoparticles, such an electronic excitation effect becomes remarkably efficient [8] .
At elevated temperatures, vacancies and gallium interstitials become mobile and apart from annihilation by recombination, they contribute to the growth of defect clusters. The interstitials and their clusters have a strong compressive strain field; the lattice constant of GaSb becomes large with increasing of the concentration of interstitials and their clusters. This compressive strain field interacts more strongly with a tensile strain field of the surface layer of the particle. The surface layer of the particle will act as a preferential sink for interstitials and their clusters over the whole particles. On the other hand, the capture cross-section of the surface layer for vacancies and their clusters is smaller than that for interstitials and their clusters. The vacancies and their clusters interact weakly with that of the surface layer. In nanoparticles, only the vacancies in the surface layer which is finite in thickness can disappear toward the top of the surface. Consequently, the vacancy concentration in the particle core is higher than that in the surface layer, but interstitial concentration increases toward the surface. Under the condition of vacancy supersaturation in the particle core the vacancy clusters will grow to form a void, and the subsequent surface segregation of interstitial clusters will bring about the separation to the two-phase structure.
In the GaSb particles kept at room temperature, as the energy barrier is too high to jump to the neighbor site, the gallium atoms return to those original positions. Consequently, no lattice constant and structure change after excitation. This mechanism also gives an explanation for temperature dependence of the electronic excitation effect.
Conclusions
Temperature dependence of electronic-excitation-induced structural changes in nanoparticles has been studied by in situ transmission electron microscopy. When GaSb nanoparticles were excited by 25 keV electrons, the compound transforms to the two-phase structure consisting of an antimony core and a gallium shell with void formations, or remains the original compound phase depending on the temperature. It is suggested that such the temperature dependence of the structural changes may arise from synergetic behaviors of point defects introduced athermally by the excitation and thermal mobility.
